Abstract: A three-dimensional (3D) geometry model of twin screw expander has been developed in this paper to measure and analyze geometric parameters such as groove volume, suction port area, and leakage area, which can be described as functions of rotation angle of male rotor. Taking the suction loss, leakage loss, and real gas effect into consideration, a thermodynamic model is developed using continuity and energy conservation equation. The developed model is verified by comparing predicted results of power output and internal efficiency with experimental data. Based on the model, the relationship between mass flow rate through inlet port and leakage path with rotation angle of male rotor as well as effects of the inlet parameter and operating parameter on the performance of the expander are analyzed.
Introduction
Owing to energy shortage, concerns over environmental issues, as well as interest in power recovery from geothermal energy and industrial waste heat have increased all over the world. Currently, Organic Rankine Cycle (ORC) system, trilateral flash cycle system, and flash steam cycle system are widely applied in geothermal power generation. The twin screw expander is a core component of the system because of its simple construction, high overall efficiency, and the ability to accept two-phase liquid-vapor mixtures. Theoretical analysis and computer simulation for investigating the geometry model and thermodynamic model of screw expander would be beneficial for optimizing its performance.
Geometric modelling is the foundation of one-dimensional thermodynamic modelling and the three-dimensional Computational Fluid Dynamics (CFD) analysis of screw expander, and computer aided design could provide benefits for accurate identification of geometric parameters. Buckney et al. [1] calculated geometric parameters of screw compressor such as volume, gradient and cross-section, leakage flow, and blow-hole areas by 3D Computer Aided Design (CAD). The results were compared with that generated by usual geometric calculation procedures, from which improvement in the accuracy can be demonstrated. A lot of research on the numerical study of screw compressors has been done over the years. Xing and Wu [2] built a new mathematical model to calculate the indicator diagram of twin screw refrigeration compressor, taking heat transfer between oil and gas and leakage loss into account. They also developed the key technology for screw compressor including profile design method, cutter design, and soft package of SCCAD [3, 4] . Kovacevic, Smith, and Stosic [5] [6] [7] introduced the geometric characteristic, design philosophy and design example of the screw compressor and screw expander, and the performance of screw compressors was calculated based on one-dimensional (1D) and 3D computer models. Seshaiah et al. [8] carried out mathematical analysis of the oil injected twin-screw compressor on the basis of the laws of perfect gas and standard thermodynamic relations to analyze the effect of certain compressor operating and design parameters on the performance. They concluded that inter-lobe clearance and rotational speed greatly affect the efficiency and P-V diagram. Zamfirescu et al. [9] experimentally studied the performance of oil free two phase ammonia(water) screw compressor and proposed a non-homogeneous model considering the heat and mass transfer phenomena in the compressor. Based on three conservation equations and the state equation of homogenous NH3/H2O mixture, Zaytsev et al. [10, 11] presented a one-dimensional leakage flow model for two-phase ammonia-water twin screw compressors, which took viscous and acceleration forces into account. Chamoun et al. [12] presented a twin screw compressor model including a water injection system. The effect of water injection, external compression ratio, and rotational speed on the compressor's behavior were also analyzed. Smith et al. [13] [14] [15] compared the trilateral flash cycle (TFC) with Rankine cycle by means of theoretical and experimental analysis and showed the viability of the TFC system. Öhman et al. [16] presented the experimental findings in a series of laboratory tests on a semihermetic Lysholm Turbine operating with R134a with superheated, saturated, and wet inlet gas conditions. The conclusions were that Lysholm Turbines were well suited for low temperature power generation, but the further research of performance during two-phase conditions was required. Papes et al. [17] presented the CFD analysis of a twin screw expander in an ORC system with refrigerant R245fa and obtained the pressure-volume diagram, mass flow rates, and power output for different pressure ratios. They found that additional injection of the working fluid could increase the generated power and avoid over-expansion. Kovacevic et al. [18] built the CFD model of an oil free twin screw air expander to analyze pressure-angle diagrams, mass flow rates and expansion power at different operating conditions and concluded that correct design of the high pressure port is vital and leakage flows have a significant effect on screw expander efficiency. Hütker et al. [19, 20] described the technical and physical processes within a screw expander by using experiments as well as thermodynamic simulations on the basis of a multi-chamber model. They also investigated the effect of variation of the geometric parameters and system parameters on the operating behavior of the screw motor. It was shown that the primary loss mechanisms of a screw expander are the inlet throttling during chamber filling as well as the gap mass flows in the expansion start range.
There are a few experimental and theoretical researches on the twin screw expander. However, CFD model is too complicated for engineering design. Theoretical investigation on the leakage of screw expander is not sufficient. A new geometry-based thermodynamic analysis method is presented in this paper. A 3D geometry model of twin screw expander is developed, which consists of male and female rotors and of inlet and outlet ports. Some geometric parameters such as groove volume, suction port area, and leakage area as a function of rotation angle of male rotor could be measured with the geometry model. Then the mathematical model of the screw expander is established to research the influence of inlet pressure, mass flow rate, and rotate speed on the leakage, internal efficiency, and power output. The model is verified by comparing predicted results of power output and internal efficiency with experimental data.
Geothermal Power Projects in China
In the early 1970s, geothermal development was becoming a hot trend in China. Seven low-temperature geothermal power plants had been established all over the country using flash evaporation or binary cycle, but the generated output of one unit was less than 300 kW and the generating efficiency was low.
High temperature geothermal power generation began to develop in Tibet in the middle 1970s. From 1977 to 1991, nine steam turbine generator units were installed, and the total installed capacity reached 25.18 M W in YangBaJing geothermal power plant and it is a successful example of geothermal development in China. Up to 2013, YangBaJing geothermal power plant has a total output of 2.8 billion kilowatt hours with stable power output, high load rate, and an average utilization of 68%. Screw expander power generation unit was applied in Tibet firstly in 2008. Two screw expander power generation units were installed at YangBaJing geothermal power plant with an output power of 1000 kW. The picture of the second screw expander generating unit is shown in Figure 1 . This generating unit produces real power of 800 kW with actual operation parameters of inlet pressure of 0.39 MPa, outlet pressure of 0.09 MPa, and the mixture flow rate of 22 t/h.
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3D Model and Basic Parameters
The main components of twin screw expander are a pair of meshing helical rotors, bearings, seals and a fixed casing. With the reversing rotation of rotors, each pair of meshing teeth complete one work cycle in succession. The working chamber formed by a pair of meshing teeth and its surrounding case is called the primitive volume, and the dimension and position of the primitive volume vary with time. The research on the expander can be simplified as the research on the primitive volume. Rotor profile is shown on the top left corner in Figure 3 . A 3D geometry model of the twin screw expander could be built based on rotor profile and the basic geometric parameters which are listed in Table 1 .
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Leakage Paths
As a result of the existence of machining tolerance and thermal expansion, clearances exist between lobes, and between rotors and the casing. The pressure difference induces leakage of working fluid, in turn affecting the performance of expander.
The main leakage paths in twin screw expander are leakage through inter lobe clearance, rotor tip-housing clearance, clearance of inlet end face, and blowhole. Leakage mass through inter lobe clearance will go directly into the discharge chambers. The contact line and blowhole are shown in Figures 5 and 6 separately. The leakage paths area which changes with male rotor angular position is measured and calculated by geometric model and the results are presented in Figure 7 . The coordinates of the contact points can be got in PROE, so the length of contact line can be measured directly. The blowhole will be formed among the top point, the contacting point between the cusp and the male rotor, and the contacting point between the cusp and the female rotor. The area of the blowhole can also be measured in PROE. The rotor tip leakage includes female rotor and male rotor, and the sealing lines are circular helix. The length of rotor tip sealing line can be calculated by the calculation formula of spiral length. The sealing line length of inlet end face leakage can also be measured for each male rotor angular position in PROE. The leakage flow rate depends on leakage path area, flow coefficient, pressure, and temperature difference between the working chamber and its adjacent chambers. As can be seen from Figure 7 , 
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Thermodynamic Model
Assumptions
In order to simplify the calculation, the following assumptions are made to establish the mathematical model of the working process:
1
State parameters of the steam in a working chamber are uniform. 2
Heat transfer between working chamber and the surroundings is negligible and working fluid leak through clearance is isentropic. 3
Discharge process is isobaric.
Governing Equations
The differential equations of pressure, temperature, and mass with respect to male rotor angle can be deduced by using the basic formula of thermodynamics, the conservation equation of energy and mass equations of variable mass system. The expressions are as follows:
With the data of working chamber volume, inlet area and leakage paths area as well as complementary equation, Equations (3)- (5) can be solved by fourth order Runge-Kutta method.
State Equation of Steam
The state of working fluid should be described by state equation and ideal gas equation of state is not suitable for steam. For the steam temperature under critical temperature and low pressure, the two coefficients of the Virial equation can satisfy the calculation accuracy. The general expression of Virial equation is as follows:
where B(T), C(T), and D(T) are Virial coefficients and can be expressed as functions of temperature. 
Thermodynamic Model
Assumptions
1. State parameters of the steam in a working chamber are uniform. 2. Heat transfer between working chamber and the surroundings is negligible and working fluid leak through clearance is isentropic. 3. Discharge process is isobaric.
Governing Equations
With the data of working chamber volume, inlet area and leakage paths area as well as complementary equation, Equations (3)-(5) can be solved by fourth order Runge-Kutta method.
State Equation of Steam
where B(T), C(T), and D(T) are Virial coefficients and can be expressed as functions of temperature.
Suction Steam Mass and Leakage Mass
The leakage flow path can be simulated as an isentropic convergent nozzle (Ziwen 2000):
where, C is the flow coefficient and is decided by operation condition and the type of leakage path.
Inducted steam mass is determined by inlet port area and pressure difference between the working chamber and inlet pipe, and is given as following:
The selection of inlet flow coefficient should make sure that simulated mass flow rate is equal or close to the actual mass flow rate of screw expander.
Results and Discussion
Model Verification
The twin screw expander used in this paper has been put into practical application in YangBaJing geothermal power plant and some factories to generate electricity. In this paper, choosing five sets of experimental data that recorded in Table 2 .
The accuracy of the model can be evaluated by the comparison of internal efficiency, power output and mass flow rate. The internal efficiency of the twin screw expander is the ratio of the indicated expansion work output to the isentropic expansion work output, and is given as following:
The isentropic expansion work output is given by:
where m c is the mass of the working fluid in the control working chamber, h i is the specific enthalpy of the working fluid at the inlet port, h o is the specific enthalpy of the working fluid at the outlet port during the isentropic process. The simulated indicated work is represented by the area of the indicated P-V diagram:
The experimental indicated work is calculated as:
where h o is the specific enthalpy of the working fluid at the outlet port. m c is the mass of vapor suctioned into the primitive volume, and it can be calculated by the equation below:
where z 1 is the number of teeth on the male rotor, and n is the number of revolutions per minute of the male rotor, and Q is inlet mass flow rate. The power output of the expander can be computed by using the indicated work in a single working chamber: Comparison of power output, mass flow rate, and internal efficiency between model prediction and experimental data are shown in Table 3 . The mean deviations of the simulated from the measured values are 4.68% for power P ind , 3.62% for mass flow rate m t and 4.66% for internal efficiency η. The results prove that the model has good accuracy. 
Simulation Results
Comparison of the Ideal and Actual Working Process
P-V diagrams of case 5 for ideal and simulated work processes are presented in Figure 8 . At the beginning of suction process, the area between two lobes increases from zero and is smaller than the area of inlet port, thus resulting in throttling effect and pressure drop. Leakage between working chamber and adjacent chambers will aggravate the throttling losses. With the rotation of the rotor, decrease of the inlet area in conjunction with increase of the working chamber volume lead to pre-expansion during suction process. Leakage has a significant effect on the performance of twin screw expander. At the later period of expansion, the pressure in working chamber is low and the inflow exceeds outflow, therefore the pressure in the working chamber is higher when taking leakage into consideration. A serious inflow can even cause the pressure of the chamber to rise at the final expansion phase.
The relationship between the ideal and simulated working fluid mass with male rotor angle is depicted in Figure 9 . The actual mass in the chamber is lower than the ideal work process at the end of suction as a consequence of leakage and throttling effect. The mass in the working chamber decreases with the increase of rotation angle at the beginning of expansion and then increases. The reason is that the mass leaking out of the chamber is more at the initial expansion stage and it is just opposite at the end of expansion. 
Comparison of Leakage through Different Paths
Simulated leakage mass over the rotation angle of the male rotor is presented in Figure 10 . Leakage into or out of the control volume are indicated by positive and negative of the mass value. During the suction process and early stage of expansion process, leakage through contact line is predominant because of the large pressure difference between working chamber and discharge chamber. In the expansion process, the rotor tip leakage becomes a major leak path on account of the increasing leakage area. With the proceed of rotating, the amount of leakage gradually recedes because of the decrease of the chamber pressure. Considering that the blowhole area and the pressure difference of adjacent chamber are small, leakage through blow hole has a little impact on the efficiency of screw expander. The total leakage mass is the sum of leakage through four leakage paths. During the suction process and early stage of expansion process, leakage of the working fluid in the control volume is outward on the whole, and the leakage mass increases until reaching maximum at 100° and then reduces to zero. In the later stage of expansion, leakage of the working fluid is inward on the whole. The influence of thermal deformation, thermal expansion and centrifugal force on leakage mass is not taken into consideration and needs further study. 
Simulated leakage mass over the rotation angle of the male rotor is presented in Figure 10 . Leakage into or out of the control volume are indicated by positive and negative of the mass value. During the suction process and early stage of expansion process, leakage through contact line is predominant because of the large pressure difference between working chamber and discharge chamber. In the expansion process, the rotor tip leakage becomes a major leak path on account of the increasing leakage area. With the proceed of rotating, the amount of leakage gradually recedes because of the decrease of the chamber pressure. Considering that the blowhole area and the pressure difference of adjacent chamber are small, leakage through blow hole has a little impact on the efficiency of screw expander. The total leakage mass is the sum of leakage through four leakage paths. During the suction process and early stage of expansion process, leakage of the working fluid in the control volume is outward on the whole, and the leakage mass increases until reaching maximum at 100 • and then reduces to zero. In the later stage of expansion, leakage of the working fluid is inward on the whole. The influence of thermal deformation, thermal expansion and centrifugal force on leakage mass is not taken into consideration and needs further study. 
The Effect of Inlet Pressure and Rotational Speed on the Performance of Expander
As shown in Figure 11 , rotate speed also has an impact on the performance of screw expander. A higher rotate speed means a larger inlet mass flow rate and power output, but not always the higher the better. Although increasing rotate speed can reduce leakage losses, but inlet pressure drop losses and throttling losses increase simultaneously, and the pressure in the chamber will be lower at the end of suction process. For selected geometric parameters and operation conditions, the relationship between power and internal efficiency of twin screw expander with rotate speed are presented in Figure 12 . The power increases with the speed while the internal efficiency increases as well until reaching a maximum value and then reduces slightly. 
As shown in Figure 11 , rotate speed also has an impact on the performance of screw expander. A higher rotate speed means a larger inlet mass flow rate and power output, but not always the higher the better. Although increasing rotate speed can reduce leakage losses, but inlet pressure drop losses and throttling losses increase simultaneously, and the pressure in the chamber will be lower at the end of suction process. For selected geometric parameters and operation conditions, the relationship between power and internal efficiency of twin screw expander with rotate speed are presented in Figure 12 . The power increases with the speed while the internal efficiency increases as well until reaching a maximum value and then reduces slightly. Figure 13 shows the P-V diagram of different inlet pressure under fixed rotate speed, inlet end angle, and discharge pressure. Choosing a high inlet pressure will result in the increase of throttling losses, leakage losses, and pressure drop in the suction process. Consequently, the pre-expansion will take place in advance. As is shown in Figure 14 , when the internal specific volume equals to the built-in volume ratio determined by geometric parameters, screw expander has the highest internal efficiency. If the inlet pressure is too high for a given set of operating conditions and geometric parameters, under-expansion will happen. On the contrary, if the inlet pressure is too low, over-expansion will happen. The above-mentioned two cases will cause the decrease of the efficiency of the twin screw expander. The power increase with increasing inlet pressure but the upward trend is slow at high pressure. Figure 13 shows the P-V diagram of different inlet pressure under fixed rotate speed, inlet end angle, and discharge pressure. Choosing a high inlet pressure will result in the increase of throttling losses, leakage losses, and pressure drop in the suction process. Consequently, the pre-expansion will take place in advance. As is shown in Figure 14 , when the internal specific volume equals to the built-in volume ratio determined by geometric parameters, screw expander has the highest internal efficiency. If the inlet pressure is too high for a given set of operating conditions and geometric parameters, under-expansion will happen. On the contrary, if the inlet pressure is too low, over-expansion will happen. The above-mentioned two cases will cause the decrease of the efficiency of the twin screw expander. The power increase with increasing inlet pressure but the upward trend is slow at high pressure. 
Conclusions
Geometry modelling and thermodynamic modelling of twin screw expanders have been established and validated. The maximum simulation error of power, mass flow rate and internal efficiency are 5.83%, 5.56%, and 5.84% separately. Using the model, mass flow rate through inlet port and leakage paths as a function of rotation angle of male rotor as well as the influence of inlet pressure and rotate speed on the performance of the expander are analyzed. The following conclusions were obtained from the results of the investigation:
(1) Throttling losses, pressure drop losses, and leakage losses during the working process are the main influence for the internal efficiency of twin screw expander. (2) The mass in the chamber decreases with the increase of rotation angle at the beginning of expansion and then increases until the discharge process starts. Because of the large leakage area, leakage through rotor tip-housing clearance is predominant. (3) Leakage in the suction process and the early stage of expansion process are most serious, while the contact line and the rotor tip are two main leakage paths. Large pressure difference is the cause of the serious leakage of the former, and the long sealing line of the rotor tip-housing Energies 2016, 9, 694 11 of 13 Figure 13 shows the P-V diagram of different inlet pressure under fixed rotate speed, inlet end angle, and discharge pressure. Choosing a high inlet pressure will result in the increase of throttling losses, leakage losses, and pressure drop in the suction process. Consequently, the pre-expansion will take place in advance. As is shown in Figure 14 , when the internal specific volume equals to the built-in volume ratio determined by geometric parameters, screw expander has the highest internal efficiency. If the inlet pressure is too high for a given set of operating conditions and geometric parameters, under-expansion will happen. On the contrary, if the inlet pressure is too low, over-expansion will happen. The above-mentioned two cases will cause the decrease of the efficiency of the twin screw expander. The power increase with increasing inlet pressure but the upward trend is slow at high pressure. 
(1) Throttling losses, pressure drop losses, and leakage losses during the working process are the main influence for the internal efficiency of twin screw expander. (2) The mass in the chamber decreases with the increase of rotation angle at the beginning of expansion and then increases until the discharge process starts. Because of the large leakage area, leakage through rotor tip-housing clearance is predominant. (3) Leakage in the suction process and the early stage of expansion process are most serious, while the contact line and the rotor tip are two main leakage paths. Large pressure difference is the cause of the serious leakage of the former, and the long sealing line of the rotor tip-housing 
(1) Throttling losses, pressure drop losses, and leakage losses during the working process are the main influence for the internal efficiency of twin screw expander. (2) The mass in the chamber decreases with the increase of rotation angle at the beginning of expansion and then increases until the discharge process starts. Because of the large leakage area, leakage through rotor tip-housing clearance is predominant.
(3) Leakage in the suction process and the early stage of expansion process are most serious, while the contact line and the rotor tip are two main leakage paths. Large pressure difference is the cause of the serious leakage of the former, and the long sealing line of the rotor tip-housing clearance contribute to the serious leakage of the latter. The increase of inlet pressure and the decrease of the rotational speed will increase the mass of leakage. (4) The throttling losses and pressure drop losses increase with the increasing rotate speed and inlet pressure, and with higher inlet pressure, the pre-expansion begins earlier. Power increases with the inlet pressure and rotate speed but has a slow ascending trend at high pressure.
Choosing appropriate operating parameters is extremely important for the twin screw expander to achieve the highest efficiency. The geometry model and thermodynamic model presented in this paper will contribute to optimizing the design of twin screw expander.
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